Introduction {#Sec1}
============

Protein kinase N (PKN) is a serine/threonine protein kinase with a catalytic domain homologous to that of protein kinase C (PKC) and a unique regulatory region containing antiparallel coiled-coil (ACC) domains^[@CR1],\ [@CR2]^. PKN1, also known as PKNα or PRK1, is one of three PKN isoforms derived from different genes in mammals. PKN1 was first described as a fatty acid- and phospholipid-activated serine/threonine protein kinase and a protease-activated protein kinase^[@CR3],\ [@CR4]^. PKN1 is also an effector protein kinase of Rho family GTPases, such as RhoA, RhoB, RhoC, and Rac, in mammalian tissues^[@CR1],\ [@CR5]--[@CR11]^. Various PKN1 functions have been revealed using cell culture experiments; for example, it is involved in the regulation of cytoskeletal reorganization^[@CR12],\ [@CR13]^, cell adhesion^[@CR14],\ [@CR15]^, cell-cycle regulation^[@CR16]--[@CR18]^, and tumorigenesis^[@CR19],\ [@CR20]^. At the organismal level, PKN1 is ubiquitously expressed in various mammalian tissues, but is particularly highly expressed in lymphoid organs, suggesting major roles in lymphoid tissues^[@CR1]^. Yasui *et al*. have reported that PKN1 knockout (KO) mice appear normal and do not exhibit defects in lymphocyte development in PKN1 KO mice within 12 weeks of age^[@CR21]^. However, they also reported that germinal centers form spontaneously in the spleen at more than 30 weeks of age in PKN1 KO mice, even in the absence of immunization or infection, and these mice eventually develop an autoimmune-like disease characterized by autoantibody production and glomerulonephritis^[@CR21]^.

PKN1 functions as an intracellular signalling molecule, in some cases independent of phosphorylation activity, e.g., it activates phospholipase D1^[@CR22]^ and acts as a scaffold protein for the p38γ MAPK signalling pathway^[@CR23]^. Therefore, to explore the role of the phosphorylation activity of PKN1 *in vivo*, we generated knock-in mice expressing kinase-negative mutant of PKN1 by introducing a T778A point mutation in the activation loop of the catalytic domain. PKN1\[T778A\] mice grew to adulthood, without apparent external abnormalities, consistent with PKN1 KO mice reported previously^[@CR21]^. However, PKN1\[T778A\] mice showed lymphopenia and the accumulation of lymphocytes in secondary lymphoid organs. We discuss the mechanism underlying this phenomenon and the essential role of PKN1 in lymphocyte trafficking *in vivo*.

Results {#Sec2}
=======

Generation of PKN1 kinase-negative knock-in mice {#Sec3}
------------------------------------------------

Thr778 in the activation loop of the catalytic domain of mouse PKN1, corresponding to Thr774 of human PKN1, is critical for kinase activity, and an alanine mutation at this position results in a complete loss of kinase activity^[@CR24]^. To investigate the physiological importance of PKN1 kinase activity, we generated a PKN1 kinase-negative knock-in mouse line by introducing the T778A mutation into the *PKN1* gene. The knock-in vector was introduced into C57BL/6 embryonic stem (ES) cells by electroporation, and chimeric mice were generated from the recombinant ES clone. The PKN1 heterozygous knock-in (PKN1 T778A/+) mouse line was established after removing *neo* (the neomycin-resistance gene) by crosses with EIIα-Cre mice^[@CR25]^ expressing Cre recombinase in the early embryo (Fig. [1a--c](#Fig1){ref-type="fig"}). The genotypic distribution of the offspring obtained after crossing heterozygous mice was consistent with Mendelian inheritance. PKN1 homozygous knock-in (PKN1 T778A/T778A, hereinafter referred to as "PKN1\[T778A\]") mice developed into fertile adults and were morphologically indistinguishable from their wild-type (WT) counterparts (data not shown). Immunoblot analyses of tissue homogenates revealed that PKN1 in PKN1\[T778A\] mice were approximately 1/4 to 1/2 those in WT mice (Fig. [1d](#Fig1){ref-type="fig"}), with some variation among tissues. A real-time PCR analysis of *PKN1* mRNA showed comparable *PKN1* transcript levels in mutant and WT mice (Fig. [1e](#Fig1){ref-type="fig"}), suggesting that mutant PKN1 is unstable at the protein level *in vivo*. Immunoprecipitates from the lysate of the PKN1\[T778A\] mouse spleen, examined using an anti-PKN1 antibody, did not show any autophosphorylation activity, while PKN1 levels were equal in the precipitates from PKN1\[T778A\] tissues and WT counterparts (Fig. [1f](#Fig1){ref-type="fig"}). These results verify that PKN1\[T778A\] mice completely lacked PKN1 kinase activity, as expected. Therefore, the protein expression of T778A PKN1 may be reduced *in vivo* due to the instability of the unphosphorylated form of PKN1. This hypothesis is supported by a previous analysis indicating that PKN1 expression is reduced in ES cells lacking PDK1, but *PKN1* mRNA exhibits identical expression levels in PDK1 null and PDK1^+/+^ ES cells^[@CR26]^. The expression levels of other isoforms of PKNs, such as PKN2 and PKN3, were comparable to those of WT counterparts (Fig. [1g](#Fig1){ref-type="fig"}).Figure 1Generation of PKN1\[T778A\] mice. (**a**) Schematic diagram of the *PKN1* genomic DNA, targeting vector, and disrupted gene. The targeting vector and a partial map of *PKN1* locus before (wt) and after (mt) homologous recombination in embryonic stem cells, and after further deletion of the neomycin resistance cassette (ki) by Cre-mediated recombination. Positions of loxP sites are designated by black triangles. Crosses with heterozygous mice generated homozygous PKN1 kinase-negative knock-in (PKN1\[T778A\]) mice. Exons are denoted by black boxes. Positions of the genomic DNA probes (A and B) used for Southern blotting and the primers used for discrimination between wt and ki (N1-geF and N1-geR) are indicated. A, probe A; B, probe B; Cre, P1 bacteriophage cyclization recombination; loxP, locus of X-over in P1; E, exon; Neo^r^, neomycin-resistance gene; MC1 pro, MC1 promoter; DT-A, Diphtheria toxin A; \*, T778A mutation. (**b**) Southern blot results for representative littermates (F2 mice) obtained by crossing F1 mice with WT mice are shown. Genomic DNA of F2 mice was digested with *Nhe*I and *Not*I, probed with probe A on the left, and digested with *Bam*HI and *Hin*dIII, probed with probe B on the right. (**c**) PCR genotyping. Representative results are shown for discrimination between wt and ki allele (lacking the Neo cassette). (**d**) Whole-cell lysates of each tissue from WT and PKN1\[T778A\] mice were resolved by SDS-PAGE and subjected to immunoblot analyses using αC6 for PKN1 detection. Coomassie Brilliant Blue (CBB)-stained PVDF membrane is shown (lower panel). (**e**) *PKN1* expression in the thymus, lymph nodes, and spleen of WT and PKN1\[T778A\] mice was measured by RT-qPCR. Data represent fold changes in *PKN1* gene expression in \[T778A\] mice normalized to *GAPDH* relative to expression in WT mice. Data were analysed with unpaired *t*-tests. NS, not significant. (**f**) Immunoprecipitation and kinase assay of PKN1. Immunoblotting results using αC6 are shown in the upper panel, and autoradiography results are shown in the lower panel. (**g**) Expression of PKN2 and PKN3, and phosphorylation levels of PKN2 at Thr815 are shown. For raw gel data see Supplementary Fig. [3](#MOESM1){ref-type="media"}.

PKN1 \[T778A\] mice exhibit normal lymphoid development, but decreased peripheral blood lymphocytes {#Sec4}
---------------------------------------------------------------------------------------------------

Based on peripheral blood analyses, the white blood cell count was significantly lower in PKN1\[T778A\] mice than in PKN1 T778A/+ or WT mice, despite comparable red blood cell and platelet counts (Fig. [2a](#Fig2){ref-type="fig"}). Differential white blood cell counts revealed that the absolute number of lymphocytes in PKN1\[T778A\] mice was approximately half that in PKN1 T778A/+ or WT mice, whereas the absolute numbers of eosinophils and neutrophils in PKN1\[T778A\] mice were comparable to those in WT mice (Fig. [2b](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). Flow cytometric analyses of peripheral circulating white blood cells revealed that both T and B lymphocytes in PKN1\[T778A\] mice were almost half those in WT mice, and both CD4 (+) and CD8 (+) T cells were significantly reduced in PKN1\[T778A\] mice (Fig. [2c](#Fig2){ref-type="fig"}). Next, T cell development in the thymus and B cell development in the bone marrow were examined based on the expression patterns of cell surface antigens. Flow cytometric analyses of T and B cells in both organs of 8-week-old PKN1\[T778A\] mice revealed the presence of approximately normal percentages of various thymic, T, and B lineage cell populations; the numbers of cells in these organs were similar to those of WT mice (Fig. [3a and b](#Fig3){ref-type="fig"}). Serum level of IgA, IgM, and IgG did not show significant difference between WT and PKN1\[T778A\] mice, suggesting that the overall normal production of immunoglobulin, without class switch abnormalities in PKN1\[T778A\] mice (Supplementary Fig. [1](#MOESM1){ref-type="media"}). These findings indicate that the T778A mutation in *PKN1* does not have a marked effect on overall lymphocyte development.Figure 2Peripheral blood counts. (**a**) Peripheral blood count. (**b**) Differential white blood cell count. (**c**) Cell population analysis of the peripheral blood. The numbers of total cells and indicated subsets of lymphocytes in the peripheral blood were determined in WT (open bars) and PKN1\[T778A\] mice (closed bars). Peripheral blood was obtained from 8-week-old mice. Naïve CD4, CD4^+^CD45RB^hi^CD44^lo^; Memory CD4, CD4^+^CD45RB^lo^CD44^hi^; Naïve CD8, CD8^+^CD45RB^hi^CD44^lo^; Memory CD8, CD8^+^CD44^hi^; Neutrophils, SSC^hi^Gr-1^hi^; Eosinophils, SSC^hi^Gr-1^lo^. Data were analysed with unpaired *t*-tests. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. Table 1White blood cell cellularity in the peripheral blood (absolute number) (mean ± SEM).Lymphocytes (× 10^3^/μl)Eosinophils (×10^2^/μl)Neutrophils (×10^2^/μl)PKN1+/+8.1 ± 0.32.6 ± 0.57.1 ± 0.4PKN1 T778A/+7.8 ± 0.52.5 ± 0.36.7 ± 0.4PKN1 T778A/T778A4.8 ± 0.22.5 ± 0.26.1 ± 0.5 Figure 3Lymphocyte cellularity of primary and secondary lymphoid organs. Cell population analysis in the bone marrow (**a**), thymus (**b**), spleen (**c**), and lymph nodes (**d**). The numbers of total cells and indicated subsets of white blood cells were determined in 8-week-old WT (open bars) and PKN1\[T778A\] mice (closed bars). The axillary and inguinal lymph nodes were used as peripheral lymph nodes for analysis. CD4 naïve, CD4^+^CD45RB^hi^CD44^lo^; CD4 memory, CD4^+^CD45RB^lo^CD44^hi^; CD8 naïve, CD8^+^ CD45RB^hi^CD44^lo^; CD8 memory, CD8^+^CD44^hi^; Pro-pre, B220^+^IgM^−^IgD^−^; IgD-, B220^+^IgM^+^IgD^−^; IgD^lo^, B220^+^IgM^+^IgD^lo^; Mature, B220^+^IgM^+^IgD^hi^; Granulo, Gr-1^hi^; Mono, Gr-1^med^CD11b^hi^; CD4SP imm, CD4^+^CD8^−^CD62L^lo^CD69^hi^; CD4SP Mat, CD4^+^CD8^−^CD62L^hi^CD69^lo^; CD8SP Imm, CD4^−^CD8^+^CD62L^lo^CD69^hi^; CD8SP Mat, CD4^−^CD8^+^CD62L^hi^CD69^lo^; DP, CD4^+^CD8^+^; DN1, Lin^−^Thy1.2^+^CD25^−^CD44^+^; DN2, Lin^−^Thy1.2^+^CD25^+^CD44^+^; DN3, Lin^−^Thy1.2^+^CD25^+^CD44^−^; DN4, Lin^−^Thy1.2^+^CD25^−^CD44^−^; Treg, CD4^+^CD25^+^; T1, AA4.1^+^B220^+^IgM^hi^IgD^lo^; T2, AA4.1^+^B220^+^IgM^+^IgD^hi^; FO, B220^+^ IgM^+^CD21^int^CD23^hi^; MZ, B220^+^IgM^+^CD21^hi^CD23^lo^. Data were analysed with unpaired *t*-tests. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.

Lymphocytes are sequestered in secondary lymphoid organs {#Sec5}
--------------------------------------------------------

Lymphocyte counts were normal in the thymus and bone marrow and decreased in the peripheral blood; however, the numbers of lymphocytes in the spleen and lymph nodes, i.e., secondary lymphoid organs, in 8-week-old PKN1\[T778A\] mice were significantly elevated compared with those in WT mice (Fig. [3c and d](#Fig3){ref-type="fig"}). There was no significant change in the T-to-B cell ratio, and most lymphocyte subsets accumulated in both the lymph nodes and spleen of PKN1\[T778A\] mice, suggesting that lymphocytes are generally sequestered to secondary lymphoid organs in PKN1\[T778A\] mice. However, hematoxylin & eosin staining of lymph node and spleen sections from PKN1\[T778A\] mice did not show significant structural abnormalities, and immunohistochemical staining revealed similar segregation of T and B cells and macrophage distribution in both organs of PKN1\[T778A\] mice and WT mice (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Histological analysis of secondary lymphoid organs. Representative observation from samples of lymph nodes and spleens of 9-week-old mice are shown. H&E, hematoxylin & eosin (H&E) staining; CD3, immunostaining for CD3; B220, immunostaining for B220/CD45R; MAC-2, immunostaining for MAC-2/Galectin-3. Scale bar: 50 μm.

PKN1 has been suggested to inhibit PDK1-mediated activation of PKB/Akt in cells^[@CR21],\ [@CR27]^. Since Akt influences cell survival pathways by inhibiting apoptotic processes; the inhibition of PKN1 might promote the overall survival of lymphocytes, leading to their accumulation in secondary lymphoid organs. Therefore, we performed a cell survival assay to examine whether PKN1\[T778A\] mutant lymphocytes exhibit reduced cell death. Splenic lymphocytes were incubated in complete RPMI 1640 medium containing 10% fetal bovine serum (FBS) for various times and were subjected to flow cytometry using Annexin V-allophycocyanin (APC) and 7-aminoactinomycin D (AAD). As shown in Fig. [5](#Fig5){ref-type="fig"}, PKN1\[T778A\] mutant lymphocytes did not exhibit increased survival, but rather were susceptible to apoptosis and cell death, for as yet unknown reasons. Therefore, the accumulation of lymphocytes in the spleen of PKN1\[T778A\] mice is not likely due to the anti-apoptotic tendency of lymphocytes.Figure 5Survival assay of splenic lymphocytes from WT and PKN1\[T778A\] mice. Viability of lymphocytes were evaluated by flow cytometry with Annexin V-APC and 7-AAD using BD Accuri flow cytometer and Accuri C6 Software. (**a**) Representative dot plots at the indicated time points are shown. (**b**) Viability was evaluated as the percentage of cells that were negative for both Annexin V-APC and 7-AAD. (**c**) The apoptotic cell percentage was quantified from cells that were positive for Annexin V-APC and negative for 7-AAD. Data were analysed with paired t-tests. \*P \< 0.05. \*\*P \< 0.01.

Next, we examined whether the T778A mutation in PKN1 contributes to the aberrant distribution of lymphocytes in a cell-autonomous fashion using an adoptive transfer experiment. To prepare labelled donor lymphocytes for transfusion, enhanced green fluorescent protein gene (*EGFP*) was introduced to both WT and PKN1\[T778A\] mice by crosses with EGFP transgenic mice. EGFP-labelled splenic lymphocytes were isolated from individual donor mice and were injected into the tail veins of recipient WT mice. The numbers of transferred cells that migrated into the spleen and lymph nodes were determined 7 days after the transfusion. As shown in Fig. [6a and b](#Fig6){ref-type="fig"}, significantly more \[T778A\] mutant than WT T cells and B cells from donor mice were collected from both the spleen and lymph nodes of recipient mice. In contrast, significantly fewer \[T778A\] mutant than WT T cells and B cells from donor mice were collected from the peripheral blood of recipient mice at 72 hours after transfusion (Fig. [6c](#Fig6){ref-type="fig"}), despite no difference in total peripheral blood lymphocytes (Fig. [6d](#Fig6){ref-type="fig"}). These results suggest that PKN1\[T778A\] mutant lymphocytes transfused into WT mice recapitulate the impaired trafficking observed in PKN1\[T778A\] mice in a cell-autonomous fashion.Figure 6Adoptive transfer experiments. Percentage of EGFP-positive donor lymphocytes collected from the WT recipient spleen (**a**), lymph nodes (**b**), and peripheral blood (**c**). (**d**) Total PBMC count. Peripheral blood was isolated at the indicated time points. Genotypes of donors are labelled at the bottom. Data were analysed with paired *t*-tests. \*P \< 0.05. \*\*P \< 0.01. \*\*\*P \< 0.001. NS, not significant.

\[T778A\] mutant lymphocytes exhibit defective migration toward chemokines and sphingosine 1-phosphate (S1P) {#Sec6}
------------------------------------------------------------------------------------------------------------

The lymphocyte distribution is mainly determined by migration to chemokines and the small lipid mediator sphingosine 1-phosphate (S1P)^[@CR28]^; accordingly, we examined the responses of PKN1 \[T778A\] lymphocytes to these factors *in vitro*. The chemokine family subset involved in the promotion of the organization and function of secondary lymphoid tissues is referred as homeostatic chemokines, including CC chemokine ligand CCL21 and CXC chemokine ligand CXCL13. These chemokines are important for the entry of lymphocytes into lymph nodes and the white pulp of the spleen. S1P is required for the egress of lymphocytes from secondary lymphoid organs^[@CR28],\ [@CR29]^. As shown in Fig. [7a and b](#Fig7){ref-type="fig"}, a chemotaxis assay revealed that the migration of \[T778A\] lymphocytes was mildly impaired toward CCL21 and CXCL13, and was severely impaired toward S1P. The severely impaired egress of PKN1\[T778A\] lymphocytes from secondary lymphoid organs (compared with the impairment of the entry of lymphocytes into the organs) may explain the PKN1\[T778A\] mouse phenotype. To examine whether the defective lymphocyte migration in PKN1\[T778A\] mice is caused at the level of cell surface receptors of S1P, we analysed the expression level of S1PR1, an S1P receptor known to play a major role in the egress of lymphocytes, by flow cytometry. As shown in Fig. [7c](#Fig7){ref-type="fig"}, there was no significant difference in the cell surface expression levels of S1PR1 between PKN1\[T778A\] mutant and WT lymphocytes.Figure 7Chemotaxis of lymphocytes *in vitro*. Migration of CD4 (+) T cells, CD8 (+) T cells, and B cells from the spleens and lymph nodes of WT (open bars) and PKN1\[T778A\] (closed bars) mice toward the indicated chemokines (**a**) and S1P (**b**) was examined using a Transwell chamber. Data were analysed with unpaired *t*-tests. \*P \< 0.05. \*\*P \< 0.01. \*\*\*P \< 0.001. (**c**) Flow cytometric analysis of the surface expression of S1PR1 on T and B lymphocytes isolated from the spleen and lymph nodes. S1PR1 expression profiles were determined after gating cells based on CD3 or B220/CD45R expression patterns. The profiles shown in black (WT) and violet (PKN1\[T778A\]) indicate background staining using the isotype control antibody (IgG2A)-APC, and the profiles shown in blue (WT) and red (PKN1\[T778A\]) indicate staining with the anti S1PR1 antibody-APC.

Discussion {#Sec7}
==========

The immune system exhibits a continuous steady state equilibrium of developing cells and effector cells of the lymphoid and myeloid lineages. Although it is estimated that \~70% of the body's lymphocytes are in lymphoid tissues and 2% are in the blood, lymphocytes equivalent to approximately the entire lymphocyte count in the whole body are trafficked between the blood and lymphoid tissues daily^[@CR30],\ [@CR31]^. Newly generated lymphocytes migrate from the bone marrow or thymus into the blood and travel to secondary lymphoid organs, such as the spleen and lymph nodes. Entry from the blood to lymphoid tissues involves a multistep cascade, including selectin-mediated cell rolling, followed by chemokine-triggered integrin activation, integrin-mediated adhesion, and transmigration across the endothelium^[@CR32]^. After surveying the secondary lymphoid organs, T and B cells egress to the blood and lymph, migrating to other lymphoid organs and continuing surveillance. Egress from the secondary lymphoid organs has not been well-characterized, but some studies have suggested that the major driving force that mediates lymphocyte egress from lymphoid organs is the concentration differential of S1P between luminal and abluminal compartments via stimulation of the lymphocyte S1P receptor^[@CR33]--[@CR36]^. The lipid ligand S1P is ubiquitously synthesized, but is largely degraded in most tissues, resulting in low ligand levels in lymphoid tissues and higher concentrations in the blood and lymph^[@CR35]^. The S1P receptor 1 (S1PR1), one of the five G protein-coupled S1P receptors, has been shown to control lymphocyte egress from the thymus^[@CR37],\ [@CR38]^, spleen^[@CR37],\ [@CR39]^, and lymph nodes^[@CR37]^, based on S1PR1 deletion experiments. In this paper, we demonstrated the impaired trafficking of lymphocytes in PKN1\[T778A\] mice, while PKN1 was not essential for lymphocyte differentiation until at least 8 weeks of age. An *in vitro* chemotaxis analysis and adoptive transfer experiment indicated that the impairment is a PKN1\[T778A\] mutant lymphocyte cell-autonomous phenotype. PKN1\[T778A\] lymphocytes showed remarkably less migratory activity toward S1P than that of WT lymphocytes. Therefore, PKN1\[T778A\] mutant lymphocytes may be less competent to exit from secondary lymphoid organs to the blood and lymph, leading to the accumulation of lymphocytes in secondary lymphoid organs and a decrease in lymphocytes in the peripheral blood of PKN1\[T778A\] mice. The \[T778A\] mutant lymphocytes also showed mildly reduced migratory activity toward CCL21 and CXCL13, critical chemokines for the entry of lymphocytes into secondary lymphoid organs; however, predominant suppression of egress from secondary lymphoid organs seems to result in lymphocyte accumulation in these organs. This inference is supported by a previous study indicating that S1PR1 in lymphocytes controls lymph node egress by overcoming retention signals mediated by CCR7 and additional Gαi-coupled receptors^[@CR40]^. However, it is unlikely that impaired lymphocyte trafficking in PKN1\[T778A\] mice can be totally attributed to the lack of S1PR1 signalling in lymphocytes, based on the following observations: (i) Although the inhibitory effects of S1PR1 receptor signalling on the egress of lymphocytes from secondary lymphoid organs have been established^[@CR37]--[@CR39]^, its effects on recirculating lymphocytes in the spleen are less clear. FTY720 (fingolimod) is a S1P analogue with an antagonistic effect on S1PR1 by inducing proteasome-mediated degradation of S1PR1^[@CR41]^, creating a pharmacological S1PR1-null state in lymphocytes. The single administration of FTY720 sequesters circulating mature lymphocytes in peripheral lymph nodes and thereby increases the number of lymphocytes in lymph nodes and decreases the number in peripheral blood as well as in the spleen in rats^[@CR42]^ and mice^[@CR43],\ [@CR44]^. However, PKN1\[T778A\] lymphocytes accumulated in the spleen as well as in lymph nodes (Fig. [3c](#Fig3){ref-type="fig"}). (ii) Analyses of S1PR1-deficient fetal liver chimeras^[@CR37]^ and T cell-specific S1PR1 knockout mice^[@CR45]^ have revealed peripheral lymphocyte deficiencies and the thymic accumulation of mature CD4 and CD8 single-positive T cells at the same time. This mature thymocyte accumulation has also been observed in mice treated with FTY720^[@CR46]^. However, PKN1\[T778A\] mice did not exhibit the accumulation of CD4 and CD8 single-positive T cells in the thymus (Fig. [3b](#Fig3){ref-type="fig"}). Other isoforms of S1P receptors might also play roles in impaired lymphocyte trafficking in PKN1\[T778A\] mice. For instance, S1PR2 may be a candidate, since it has been reported to mediate the confinement of B cells and follicular T helper (Tfh) cells to lymph node germinal centers^[@CR47],\ [@CR48]^.

The cell-surface expression level of S1PR1 did not differ significantly between \[T778A\] and WT lymphocytes (Fig. [7c](#Fig7){ref-type="fig"}); therefore, the PKN1\[T778A\] mutation seems to impair a signalling step downstream of the S1P receptor in lymphocytes. What is the mechanism underlying defective lymphocyte trafficking induced by the PKN1\[T778A\] mutation? PKN1 has important roles in cell migration and invasion in various adherent cell lines, including prostate adenocarcinoma cell lines, such as PC-3 and LNCaP stimulated by thromboxane and androgen^[@CR49]--[@CR51]^, androgen-independent prostate tumour cell lines, such as PC-3M-luc2 and Du145^[@CR52]^, the triple-negative breast cancer cell line MDA-MB-231^[@CR52]^, the bladder tumour cell line 5637^[@CR53]^, and human aortic smooth muscle cells stimulated by monocyte chemotactic protein (MCP)-1^[@CR54]^. In these cases, PKN1 has been suggested to be involved in processes downstream of Rho or Rac GTPases, major molecular switches of cell migration and cytoskeletal regulation in these cells. Rho and Rac GTPases are also reported to play major roles in lymphocyte migration as follows. (i) RhoA and Rac1 influence chemokine-induced T-cell polarity, which is crucial for *in vivo* migration^[@CR55]--[@CR57]^. (ii) Chemokines, such as CCL21, CXCL13, and CXCL12, bind to G-protein-coupled receptors, leading to the activation of Rho and Rac GTPases in B cells^[@CR58]--[@CR60]^. (iii) S1P binds to G-protein-coupled S1PR1, which activates the RhoA-specific guanine nucleotide exchange factor (GEF) Lsc (also known as ARHGEF1) and the Rac-specific GEF DOCK2, leading to the migration and egress of lymphocytes from lymph nodes^[@CR61],\ [@CR62]^. Indeed, T cells deficient in mDia1, an effector protein of Rho GTPases like PKN1, exhibit impaired egress from the thymus to secondary lymphoid organs, and reduced chemotaxis. Additionally, mDia1 KO mice develop lymphopenia, characterized by diminished T cell populations in lymphoid tissues, but develop without apparent abnormalities and B cell phenotypes, for unknown reasons^[@CR63],\ [@CR64]^. In our study, the migration activity of PKN1\[T778A\] lymphocytes was lower than that of WT cells when stimulated by chemokines (CCL21 for T cells, CXCL13 for B cells, and CXCL12 for T and B cells in Fig. [7a](#Fig7){ref-type="fig"} and Supplementary Fig. [2](#MOESM1){ref-type="media"}), although the magnitude of the decrease in migration activity was less than that observed in response to S1P stimulation (Fig. [7b](#Fig7){ref-type="fig"}). Therefore, it is likely that PKN1 is widely involved in chemokine- and S1P-induced lymphocyte migration downstream of Rho or Rac GTPase functions. PKN1\[T778A\] mice showed a characteristic set of trafficking abnormalities, i.e. deficiencies in both T and B cells in the peripheral blood, the accumulation of T and B cells in lymph nodes and the spleen, a lack of changes in primary lymphoid organs, and normal numbers of other hematopoietic cells, such as eosinophils, basophils, platelets, and red blood cells. The same set of phenotypes has not been observed in other genetically modified mice to date. Future analyses of PKN1\[T778A\] mice may unravel novel mechanisms of lymphocyte trafficking. PKN1 has been regarded as promising targets for the treatment of cancers^[@CR52],\ [@CR65],\ [@CR66]^. Therefore, it would be beneficial to clarify the phenotype of PKN1\[T778A\] mice from the viewpoint of side effects by PKN1 inhibitor for therapeutic purpose.

Materials and Methods {#Sec8}
=====================

Animals {#Sec9}
-------

For all studies in this manuscript, mice were compared to littermates or controls, and all were Specific Pathogen Free (SPF). This study was approved by the Institutional Animal Care and Use Committee and carried out according to the Kobe University and Kindai University animal experimentation regulations.

Generation of PKN1 kinase-negative knock-in mice {#Sec10}
------------------------------------------------

A genomic fragment of the mouse *PKN1* gene was isolated from mouse BAC library RPCI-23-394G23 (C57BL/6). The targeting vector for *PKN1* contained a \~8 kbp *Sal*I--*Not*I DNA fragment including exon 10--22 of *PKN1*, pgk-1 promoter-driven neomycin phosphotransferase gene (*pgk-neo*) flanked by two Cre recognition target (loxP) sites, and a \~4 kbp *Swa*I/*Xho*I DNA fragment and followed by the diphtheria toxin (DT) gene for negative selection (Fig. [1a](#Fig1){ref-type="fig"}). The kinase-negative knock-in vector was constructed by introducing this targeting vector with the point mutation encoding alanine instead of threonine-778 and insertion of oligonucleotide encoding FLAG peptide to the 3′-terminal of the coding region of *PKN1* in exon 22 (Fig. [1](#Fig1){ref-type="fig"}). We used the C57BL/6-derived ES cell line RENKA^[@CR67]^ for the gene targeting. The ES cells were cultured as described^[@CR68]^. The targeting vector was linearized and electroporated into ES cells by using Gene Pulser Xcell (Bio-Rad, Hercules, CA). G-418 selection (175 μg/ml) was started 36--48 hours after electroporation and continued for 1 week. The recombinant ES cell clones were identified by Southern blot analyses, and were injected into 8-cell-stage embryos of ICR mice. The embryos were cultured to blastocysts and transferred to the uterus of pseudopregnant ICR mice. The resultant chimeric mice were mated with C57BL/6 mice and the F1 mice were screened by Southern blot to establish the mutant PKN1 F1 mouse line. The mutant F1 mice were crossed with the transgenic strain expressing a Cre recombinase gene under the direction of EIIα promoter^[@CR25]^ to remove neomycin resistant gene (neo) cassette and later isolated PKN1 mutant strain lacking Cre gene, and were backcrossed at least 10 times into the Charles River C57BL/6N background before phenotypic analysis. The resultant PKN1\[T778A\] mutant mice were born at a frequency expected for Mendelian inheritance.

Genotyping {#Sec11}
----------

Genomic DNA was isolated from ES cells and mouse tail snips by standard techniques and subjected to Southern blot analysis and PCR analysis for identification. Southern blot analysis was performed using genomic DNA digested with *Nhe*I/*Not*I and *Bam*HI/*Hin*dIII probed with probe A and probe B, respectively, as indicated in the Fig. [1a](#Fig1){ref-type="fig"}. Wild type ("wt" in Fig. [1a](#Fig1){ref-type="fig"}) and mutant ("mt" in Fig. [1a](#Fig1){ref-type="fig"}) alleles containing Neo cassettes are indicated by the presence of a 15 kbp versus 11.5 kbp DNA fragment for probing with probe A, and a 12.5 kbp versus 5 kbp DNA fragment for probing with probe B (Fig. [1b](#Fig1){ref-type="fig"}). Genotyping of mouse tail, for discrimination of wt and mutant lacking Neo cassette ("ki" in Fig. [1a](#Fig1){ref-type="fig"}) was performed using the PCR primers N1-geF (5′-GCCTCTGTGTGCATCTGG--3′), N1-geR (5′-CCTTCTACCCACACGGCC-3′), yielding PCR products of 170 bp (wt) and 270 bp (ki) (Fig. [1c](#Fig1){ref-type="fig"}). Reaction conditions were as follows: 96 °C for 5 min for 1 cycle, and 96 °C for 1 min, 63 °C for 1 min, 72 °C for 1 min for 35 cycles, and 72 °C for 5 min for 1 cycle.

RT-qPCR (Reverse transcription quantitative polymerase chain reaction) {#Sec12}
----------------------------------------------------------------------

Total RNA of mouse thymus, spleen and lymph node were isolated by using an RNeasy mini kit (QIAGEN), according to the manufacturer's instructions. The cDNAs were synthesized using ReverTra Ace qPCR RT Master Mix (TOYOBO) according to the manufacturer's protocols. qPCR was performed (45 cycles of 10 seconds at 95 °C, 10 seconds at 60 °C, and 10 seconds at 72 °C) with Thunderbird SYBR qPCR Mix (TOYOBO) using the LightCycler480 System (Roche). The sense primer for *PKN1* was (5′-TGCTCTATGAGATGTTGGTTGGA-3′) and the antisense primer was 5′-CAGACAGGAAGCGGGGATAG-3′). Expression of *GAPDH* was used as an endogenous control. ΔΔCt method was used to determine relative fold expression of mRNA.

Antibodies {#Sec13}
----------

The polyclonal antibodies αN2 and αC6 for PKN1 were prepared as described^[@CR69]^. The polyclonal antibody αNUS for detection of PKN3 was prepared as described^[@CR70]^. Anti PRK2 antibody for PKN2 was purchased from BD Transduction Laboratories, and anti phospho-PRK1 (Thr774)/PRK2 (Thr816) antibody was from Cell Signaling Technology. Annexin V-APC and 7-ADD were purchased from BD Biosciences. The mAbs used for flow cytometric analyses for cell surface antigens were purchased from BD Biosciences, eBioscience or BioLegend. Anti-mouse EDG-1/S1PR1-APC MAb (Clone 713412) and Rat IgG2A-APC Isotype Control were purchased from R&D Systems and used for S1PR1 receptor assay. Anti CD3 rabbit monoclonal antibody (clone SP7; Abcam), an anti B220/CD45R rat monoclonal antibody (clone RA3-6B2; Abcam) and an anti MAC-2/Galectin-3 rat monoclonal antibody (clone M3/38; Cedarlane) were used for immunohistochemical analysis.

Immunoblot analysis {#Sec14}
-------------------

Mouse organs and cells were lysed in SDS-sample buffer, boiled, and were subjected to 6--10% SDS-PAGE and separated products were subsequently transferred to a polyvinylidene difluoride membrane. The membrane was then blocked with TBS (20 mM Tris/HCl at pH 7.5, 137 mM NaCl) containing 0.05% Triton X-100 (TBS-T) and 5% normal goat serum or Blocking One (nacalai tesque) for 1 hour at room temperature. The membrane was then incubated in TBS-T and the primary antibody for 1 hour at room temperature or for O/N at 4 °C. The membrane was washed three times (5 min each time) in TBS-T before incubating the blot in TBS-T containing the secondary antibody conjugated to horseradish peroxidase at 1:2000--1:10,000 dilution for 45 min. After this incubation, the membrane was subjected to three 10 min washes in TBS-T. Blots were developed by the enhanced chemiluminescence method.

Immunoprecipitation and kinase assay {#Sec15}
------------------------------------

Spleens were isolated from WT and PKN1\[T778A\] mice and homogenized in homogenate buffer (50 mM Tris/HCl at pH 7.5, 150 mM NaCl, 1 mM EDTA, 3 mM MgCl~2~, 1 mM DTT, 1 mM PMSF, 5 μg/ml leupeptin, 1 mM NaF, 1% NP-40). After centrifugation at 13,000 x g for 30 min, cleared lysates were incubated with αN2 at 4 °C for 2 hours, and the protein A-Sepharose (GE Healthcare) was added and incubated for further 30 min. The resulting immunoprecipitates were subjected to *in vitro* kinase assay and immunoblot analysis using αC6. For autophosphorylation reaction, the immunoprecipitates were incubated in 25 μl reaction mixture (20 mM Tris--HCl, pH 7.5, 4 mM MgCl~2~, 100 μM ATP, 18.5 KBq \[γ-^32^P\]ATP) at 30 °C. After 5 min, the reaction was stopped by addition of SDS sample buffer and boiled for 5 min. A 20 μl aliquot of reaction mixture was subjected to SDS--PAGE. The gel was fixed, dried, and subjected to autoradiography using BAS2000 imaging analyzer (Fuji film).

Peripheral blood count {#Sec16}
----------------------

Peripheral blood of mice was collected from the retro-orbital venous plexus, and measured by an automatic hamatology analyzer (ADVIA120, SIEMENS) and also manually using hemocytometer for Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}.

Flow cytometry {#Sec17}
--------------

Cell suspensions were prepared from bone marrow and spleen were treated with 1 x ACK buffer (150 mM NH~4~Cl, 10 mM KHCO~3~, 1 mM EDTA) to remove red blood cells, washed, and incubated with anti CD16/CD32 (BD Fc block) to block binding of conjugated antibodies to FcγR. Cell suspensions from thymus and lymph nodes were directly incubated with anti CD16/CD32 antibody.

After cells were labeled with appropriate primary antibodies for 30 min on ice and fixed in 1% paraformaldehyde in PBS. They were subjected to flow cytometry using FACSCalibur or Accuri (both from BD Biosciences) with FlowJo (FlowJo, LLC) or FCS Express 6 (De Novo Software) to determine the fraction of each subset. The surface expression of S1PR1 was evaluated using flow cytometry with anti-S1PR1-APC antibody. Staining with S1PR1 antibody was performed in the presence of fatty acid--free BSA (Sigma-Aldrich).

*In vitro* cell survival assay {#Sec18}
------------------------------

Spleens were dissected out after decapitation of 7- to 9-week-old mice under anesthesia and shedding of circulating blood. Erythrocytes were lysed by 1 x ACK buffer, and isolated lymphocytes were suspended in MACS buffer (PBS containing 0.5% fatty acid-free BSA and 2 mM EDTA). One million of isolated splenic lymphocytes were incubated with RPMI 1640 containing 2 mM glutamine, 1% Penicillin G/Streptomycin, and 10% fetal bovine serum in a 3.5 cm dish at 37 °C in 5% CO~2~ chamber. After 5, 10, and 24 hours, cells were washed and incubated with 7-AAD and Annexin V-APC for 15 min at room temperature. Cells were subjected to flow cytometry (BD Accuri), and those found positive for Annexin V and negative for 7-AAD were quantified as "apoptotic cells", and those found negative for both Annexin V and 7-AAD were quantified as "viable cells".

Adoptive transfer {#Sec19}
-----------------

Transgenic mouse strain expressing EGFP under the control of CAG promoter was provided from Kumamoto university (CARD ID 2045). EGFP gene was introduced into WT and PKN1\[T778A\] mice by intercrossing of these mice with the EGFP transgenic mice. After anesthesia, 7- to 9-week-old EGFP and EGFP;PKN1\[T778A\] mice were decapitated and spleens were dissected out, followed by isolation of splenic lymphocytes with the aid of 1 x ACK buffer and MACS buffer as described in "*in vitro* cell survival assay" section. Isolated donor lymphocytes from EGFP and EGFP;PKN1\[T778A\] mice were suspended in Hank's Balanced Salt Solution (HBSS), and 5 × 10^7^ lymphocytes from each mouse were transfused into individual WT recipient mouse through tail vein, respectively. One hour after transfusion, \~50 μl of blood was collected from tail vein of each recipient mice. Peripheral Blood Mono nuclear Cells (PBMCs) were quantified using Turk's solution, which was followed by flow cytometry (BD Accuri) with anti CD3-APC (for T lymphocyte) and anti B220/CD45R-APC (for B lymphocyte) antibodies. After gating through FL4 filter for APC, the percentage of EGFP-positive lymphocyte population was quantified using FL1 filter in recipient mice. Seventy-two hours after transfusion the same procedures were repeated. On the 7th day, recipient WT mice were sacrificed, and spleen and inguinal lymph nodes were dissected out, followed by lymphocyte isolation. Isolated lymphocytes were subjected to flow cytometry as described above to quantify the percentage of EGFP-positive lymphocyte population.

Histological analysis {#Sec20}
---------------------

Spleen and lymph nodes from 9-week-old mice were fixed in 4% paraformaldehyde and embedded in paraffin wax for histological analysis. Three-μm sections were processed after deparaffinization. The sections were stained with hematoxylin and eosin solution. Immunostaining for CD3, B220/CD45R and MAC-2/Galectin-3 was performed using the Universal Immunoenzyme Polymer method (Nichirei Bioscience) with an anti-CD3 rabbit monoclonal antibody, an anti-B220/CD45R rat monoclonal antibody, and an anti MAC-2/Galectin-3 rat monoclonal antibody, respectively. The signal was developed with a diaminobenzidine solution (Dako). HE-stained sections and immunostained sections were recorded by a BX-51 light microscope (Olympus).

*In vitro* migration assay {#Sec21}
--------------------------

CCL21 and CXCL13 were purchased from R&D Systems. S1P was purchased from Sigma. *In vitro* migration assay was conducted using 96-well chemoTx chamber with 5-μm pore inserts (Neuroprobe) as described previously^[@CR71]^. In brief, single cells prepared from mouse spleen or lymph nodes were suspended at 8 × 10^6^/ml in RPMI 1640 containing 1 mg/ml BSA and 20 mM HEPES (pH 7.4), and applied to upper wells (25 μl/well). The same medium without or with CCL21, CXCL13, or S1P at indicated concentrations was applied to lower wells (29 μl/well). After 1 h at 37 °C, the content of each lower well was transferred to a polypropylene pointed-bottom tube. The cells were pelleted by centrifugation at 200 × g for 5 min, resuspended in 0.1% BSA in PBS, and stained with APC-Cy7-labeled anti-mouse CD4, PerCP-Cy5.5-labeled anti-mouse CD8, and FITC-labeled anti-mouse CD19. After washing, cells were analyzed on a FACSFortessa (BD Biosciences) and analyzed with FlowJo (FlowJo, LLC). All assays were done in duplicate.

Statistical analysis {#Sec22}
--------------------

All experiments were performed independently in at least triplicate and a statistical significance was calculated by Student's unpaired *t*-test and Student's paired *t*-test to examine the differences between the two groups of data. A p value \< 0.05 was considered significant. Data displayed in the figures and text represent mean ± standard error (SEM) of representative experiments unless otherwise stated.

Data availability {#Sec23}
-----------------

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
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